Lateral manipulation of single adsorbates and substrate atoms with the scanning tunneling microscope by Meyer, G. & Rieder, K.H.
Lateral Manipulation
of Single Adsorbates
and Substrate
Atoms With the
Scanning Tunneling
Microscope
G. Meyer and K.H. Rieder
Introduction
The stability and precision of modern
scanning-tunneling-microscope (STM)
systems allow positioning of the tip on a
subnanometer scale. This advancement
has stimulated diverse efforts on surface
modifications in the nanometer and even
atomic range, as recently reviewed by
Avouris.1 The lateral movement of indi-
vidual adatoms and molecules in a con-
trolled manner on solid surfaces and the
construction of structures on a nanoscale
were first demonstrated by Eigler2 and
collaborators at 4 K. The reason for oper-
ating the STM at low temperatures (apart
from increased stability and sensitivity
of the STM setup itself) is the necessity
to freeze the motion of single adsorbates,
which are very often mobile at ambient
temperatures. By selecting strongly
bonded adsorbate/substrate combina-
tions and large molecules, it was possible
to extend the lateral manipulation tech-
nique even to room temperature.3'4 In the
case of large molecules, not only their
translational motion but also internal
flexure of the molecule during the posi-
tioning process must be considered.3 In
general, different physical and chemical
interaction mechanisms between tip and
sample can be exploited for atomic-scale
manipulation. We will concentrate in
the following on lateral manipulation
where solely the forces that act on the ad-
sorbate because of the proximity of the
tip are used. This means that long-range
van der Waals and short-range chemical
forces can be used to move atoms or
molecules along the surface. No bias
voltage or tunneling current is neces-
sary. Apart from this technique, addi-
tional advances using the effects caused
by the electric field generated by the bias
voltage between tip and sample and by
the current flowing through the gap re-
gion can be used for atomic or molecular
modification.1
A few experimental prerequisites must
be taken into account if one wants to per-
form manipulation on single atoms or
small molecules. Especially when work-
ing on metal surfaces, it is important to
operate the STM at low temperatures
since single metal atoms and weakly
bonded adsorbates are mobile at ambient
temperatures. To freeze this motion, one
usually must cool even below liquid-
nitrogen temperature. Furthermore the
manipulation of single atoms/molecules
means working at extremely low cover-
age—that is, using only a few atoms (for
example 100) for a long time (several
days). This requires both high cleanli-
ness and the ability to deposit small
amounts of adsorbates in a controlled
manner. One can achieve these results
surrounding the whole STM by a liquid-
helium radiation shield and depositing
small amounts of adsorbates through a
small hole in the shield. Finally a flexible
and precise tip-positioning procedure
and—when creating and investigating
nanostructures—a high stability of the
whole system are necessary.
Figure la shows a schematic STM setup
for manipulation. If the apex of the tun-
neling tip is far away from the adsorbate,
only long-range forces like van der Waals
forces are exerted on the adsorbate. When
the tip comes close enough to the adsor-
bate, one enters the regime of short-range
chemical forces. Since both distance and
orientation of this chemical bond between
tip apex and adsorbate can be controlled
by adjusting the tip position, this situation
is termed a "tunable chemical bond."2
The procedure for lateral manipulation is
remarkably simple and appears in Fig-
ure lb: In the STM imaging process, the
tip is scanned at distances of a few atomic
diameters above the surface (a) and—in
the constant current mode—follows con-
tours of constant local electronic density
of states.5 For manipulation the tip is
brought close to the adspecies (b) by re-
ducing the tunneling resistance. Then
the tip is moved parallel to the surface (c)
to a predetermined place. The particle is
thereby pulled (or pushed) to the desired
location (d). The tip is then drawn back
to the scanning distance (e), and a new
STM picture is scanned to check the re-
sult of the manipulation. The magnitude
of the force acting on an atom/molecule
is not directly accessible to the STM. The
force is however a function of the dis-
tance between tip and adsorbate. Con-
trolling the distance thus gives a measure
of the exerted force. Moreover since the
tunneling current at low voltages is pro-
portional to the bias voltage and depends
exponentially on the distance,5 the tun-
neling resistance can be used as a rough
measure to control the force acting on
the adsorbate. This results in a threshold
of the tunneling resistance, below which
adsorbates can be moved. The indirect j
control of the force results in the conse- «
quence that the threshold values of the j
tunneling resistance depend signifi- .3
cantly on the tip structure. Careful and j
reproducible tip preparation is therefore \
an important factor.
Manipulation of Adsorbates
Several examples of manipulation dis-
cussed in the following have been per-
formed on a stepped metal surface: the
copper (211) surface. The top view of a
sphere model of the clean Cu(211) sub-
strate appears in Figure 2: The surface
consists of (111) terraces separated by
(100) single step facets. The Cu atoms
are represented by the small spheres
with the topmost Cu atoms shaded
brightest. The dimensions of the unit cell
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Figure 1. (a) Schematic scanning-tunneling-microscopy (STM) manipulation setup: The apex of the tunneling tip is close to the
adsorbate. Long-range forces and short-range chemical bonding forces help move the adsorbate around the surface, (b) Working
steps for lateral manipulation (for details see text).
are fli = 0.255 and a2 = 0.625 nm. Signifi-
cant interest in stepped surfaces has sur-
faced in the past years, especially in
studies on catalysis and crystal growth.
This is because adsorbates usually have a
higher binding energy at the intrinsic
step edges. Therefore adsorption is
mainly confined to sites on top or down
at the step edges. This highly anisotropic
character of the stepped surfaces can also
be observed and exploited in lateral-
manipulation experiments. Moving ad-
sorbates along an intrinsic step edge will
yield different results than moving ad-
sorbates across a step edge. More impor-
tant the movement of the adsorbate can
be confined along the step edges.
The first adsorbate we studied on this
surface was carbon monoxide. On metal
surfaces, CO molecules at low coverage
usually adsorb upright or tilted in on-top
positions (directly on top of a surface
atom) with the carbon atoms close to the
metal substrate atoms.6 On Cu(211) the
CO molecules occupy top sites over
the Cu atoms forming the ridges of the
regular steps.7 We could determine this
location via registry information by later-
ally manipulating CO molecules and
single Cu atoms close to each other.8 We
employed lateral manipulation of CO
molecules to form nanostructures at 30-
40 K. Their buildup and perfection suf-
fered from frequent irregular diffusive
jumps of the CO molecules.9 In Fig-
ures 3a-3c, we show the formation of the
letter "X" at 15 K where diffusive motion
is practically quenched so that nano-
structures form with perfect precision.
The CO molecules appear as single de-
pressions in the images located on top of
Figure 2. Sphere model of the Cu(211) surface; the unit cell is indicated. Part of a
higher positioned defect terrace is plotted to illustrate the detachment of native
Cu atoms from kink sites. The locations of single Cu atoms, Pb atoms, and
CO molecules as determined from manipulation and coadsorption experiments also
appear. The arrows indicate the extraction of kink and step-edge atoms.
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the intrinsic step edges. (In simplistic
terms, they appear as depressions be-
cause the bonding between the CO mole-
cule and the metal surface reduces the
density of states at the Fermi level, which
is a major contributor to the tunneling
current.) No changes in either the struc-
ture of the letter "X" or its surroundings
appeared an hour after its buildup,
proving the stability of nanostructures
formed even with weakly chemisorbed
species like CO. The fact that with our
STM we scanned exactly the same area
of the surface 60 minutes later is proof of
the extremely good mechanical stability
of our instrument at these low tempera-
tures. The lateral drift is of the order of
0.1 nm/h. (At higher temperatures, it is
appreciably larger.) Owing to the pro-
nounced anisotropy of the Cu(211) sub-
strate, manipulation of the CO molecules
along the step edges proceeds readily
whereas manipulations perpendicular to
the steps are almost impossible. In slid-
ing single CO molecules parallel to the
step edges, a reduction of the tunneling
resistance to values between 600 kil and
1 Mil was sufficient to obtain precise lat-
eral movements.
As a second example, we present the
lateral manipulation of single Pb atoms
that have been evaporated at sample tem-
peratures between 20 and 80 K. At these
low temperatures, Pb is adsorbed in the
fivefold adsites located down at the step
edge. This was deduced from registra-
tion relative to single copper atoms.8 On
other copper surfaces, the incorporation
of single Pb atoms into the substrate has
been observed at room temperature.10
However temperatures used here are low
enough to prevent single Pb atoms from
being incorporated into the substrate.
Figure 3d shows four Pb atoms posi-
tioned by lateral manipulation to form
the corners of a rectangle. The distance
of the Pb atoms parallel to the step edges
is six nearest-neighbor copper distances,
and the overall height of a Pb atom is
0.1 nm. The threshold tunneling resis-
tance to manipulate single Pb atoms
varied between 400 and 600 kil, which is
only slightly smaller than in the previous
example.
Pulling, Pushing, and Sliding
of Adsorbates
As explained before, the lateral ma-
nipulation proceeds by bringing the tip
close to the adsorbate through reduction
of the tunneling resistance and then, at
constant tunneling resistance by moving
parallel to the surface with the atom fol-
lowing the tip. We now discuss the details
of the movement of the adsorbate during
Figure 3. (a-c) Formation of letter "X" by controlled lateral manipulation of
CO molecules on Cu(211) at 15 K using an STM. The size of each image is
13.5 nm x 13.5 nm. (d) Regular rectangle formed by lateral manipulation of single
Pb atoms. The distance along the step edges corresponds to six Cu nearest
neighbors. The height of each Pb atom is 0.1 nm. Image size is 6 nm x 6 nm.
(e) Corresponding perspective view.
the manipulation process. Figure 4 shows
the height of the tip during the actual
manipulation process while the tunnel-
ing current remains constant." In Fig-
ure 4a, a tunneling resistance of 120 kil
is used, and the tip is moving from the left
to the right. The steps in the tip height
clearly indicate a discontinuous move-
ment of the Pb atom. This means that the
Pb atom is jumping from one adsorption
site to the next. Furthermore when the
Pb atom jumps, it is always behind the
tip. This indicates an attractive force be-
tween the tip and the atom. Therefore
the Pb atom is pulled by the tip. (The first
jump is in the opposite direction com-
pared to the other jumps and is due to
the Pb atom jumping toward the tip apex
when it first approaches the atom.) Fig-
ure 4b shows that, by reducing the tun-
neling resistance to 43 kil, the Pb atom
continuously follows the tip and no
jumps occur. This mode is called sliding.
Since the force between a metal tip apex
and a metal atom is always attractive in
the tunneling regime, one must use a
different adsorbate to show the effect of
repulsive forces. Figure 4c shows the tip
height during manipulation of a CO
molecule along an intrinsic Cu(211) step
edge. The CO molecule appears as a de-
pression in this image. One can see that
during movement of the tip from left to
right, the jumps occur always before the
tip reaches the center of the CO mole-
cule. Therefore the molecule is always in
front of the tip, which now indicates a re-
pulsive force. In this case, the molecule is
pushed by the tip. Because of the anisot-
ropy of the substrate, the tip will not lose
the molecule during pushing as it is al-
ways bonded to the step edge. In general
such detailed measurements, also in-
cluding differently oriented tips, will not
only help to improve the reliability of the
manipulation technique but will also
provide valuable information for theo-
retical calculations of the repositioning
mechanisms.12
Manipulation of Substrate Atoms
While in the previous sections we dis-
cussed the lateral manipulation of adso< -
bates on the surface, we will now show
that even strongly bound substrate atoms
can be manipulated.813 Figures 5a-5c
show the extraction of three Cu atoms
out of the intrinsic step edges of the
Cu(211) surface. The direction and
length of the tip movement are indicated
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by the black arrow in Figure 5a. In Fig-
ure 5c, the extracted Cu atoms have been
moved further along the step edges to
show the three vacancy sites, indicated
by the three white arrows. As one might
expect, it is also possible to fill a vacancy
again with an adatom. There we point
out a new, interesting observation: A
larger force is needed to bring the Cu
atoms into the vacancies than to move
them along the close-packed rows. This
points to a local buildup of an Ehrlich-
Schwoebel barrier14 and raises the hope
that, in the future, quantitative measure-
ments on local barriers will be possible.
Apart from the above described ex-
traction of substrate atoms out of step-
edge sites of the Cu(211) surface, we have
demonstrated a complete set of manipu-
lation procedures with which atom-by-
atom structuring of the surface is
possible.13 Substrate atoms located in
fivefold, sixfold, and even sevenfold co-
ordinated sites can be manipulated. In
all cases, only attractive forces between
the substrate atoms and the tip were
used. Effective-medium theory calcula-
tions of surface defects on Cu(lll) show
that the activation energy for diffusion of
atoms out of intrinsic steps onto the ter-
race amounts to 0.770 eV.15 A few factors
might help surmount this high energy
barrier. One is that this energy consti-
tutes only an upper bound because the
interaction with the tip apex will pull the
atom away from the surface, and thus re-
duce the magnitude of lateral interac-
tions between the surface and the atom.2
Second, temperature will assist in cross-
ing the barrier. Moreover since no direct
way of determining the chemical compo-
sition of the tip apex exists, it is possible
that tungsten atoms reside at the tip
apex. These atoms would exert signifi-
cantly higher manipulation forces than
copper atoms.16
One technical problem to be solved for
manipulation of native substrate atoms is
how to prepare a tip stable enough to re-
sist the high attractive forces during the
extraction of single atoms from highly
coordinated substrate sites. Until now
this has occurred through usual trial-
and-error techniques. After successfully
preparing a tip capable of a certain ma-
nipulation procedure, one can repeat the
process reliably many times. This leads
to the possibility that extended parts of
the substrate can be restructured in an
atom-by-atom way. We demonstrate this
in Figures 5d-5g, in which more than
30 atoms were laterally manipulated so
that a rectangular area on the terrace be-
low is laid open. Such operations will be
important in cases where subsurface de-
Figure 4. The left part of the figure shows STM tip-height curves during
pulling/sliding of a Pb atom (a, b) and pushing of a CO molecule (c). The tip
movement is from left to right. Images of the adparticles appear on the right. The
steps in the tip height observed in (a) and (c) indicate that the atom/molecule jumps
from one adsorption site to the next during manipulation while in (b) the atom
continuously follows the tip.
fects should be identified, removed, or
deliberately created.
Conclusion and Outlook
In summary we have shown that single
adatoms and molecules can be laterally
manipulated on a surface in a controlled
manner. This allows the buildup of nano-
structures with atomic-scale precision.
Moreover detailed information can be
gathered on the behavior of adspecies
during the manipulation process, lead-
ing to the distinction of three movement
modes: pulling, sliding, and pushing. The
extraction of single native substrate atoms
in a controlled manner from differently
coordinated sites of the substrate demon-
strates that the lateral-manipulation tech-
nique is not restricted to adsorbates. Apart
from use of the substrate atoms—and
the corresponding vacancies—to build
prototypic nanostructures, the manipu-
lation of substrate atoms will be important
in gathering information about subsur-
face defects. Since atoms may be moved
into vacancy sites with foreign species,
atom-by-atom surface alloying will be-
come possible. In the future, further in-
sight into the manipulation process may
be achieved through use of using an
atomic force microscope to directly mea-
sure the forces during manipulation.
More important this would also facilitate
work on insulating substrates. By opti-
mizing the substrate temperature for
a certain manipulation process, one
can more strongly manipulate bound
adsorbates. One might also imagine an
indirect manipulation process where ad-
sorbates are manipulated not in direct
contact with the tip but through special
adspecies.
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